The present study investigates a new solvent system for the dissolution of chitosan and a new method for preparing chitosan membranes. First, aqueous tartaric acid was used to pretreat chitosan. Then, the chitosan was precipitated with ethanol or other regenerating agents, and 1.5 mL of 1-ethyl-3-methylimidazolium acetate ([EMIM]AC) was added to obtain translucent suspensions. The chitosan membranes were prepared by casting the suspensions on glass plates and allowing solvent evaporation.
Introduction
The increase of the levels of social and economic development has triggered rising demand for various packaging products in daily life. On the other hand, the increasingly tense energy situation has required researchers to focus on renewable biological resources in order to develop suitable materials that could meet this demand.
Chitosan is a natural polymer derived from the deacetylation of chitin, and is considered the second most common natural polysaccharide. [1] [2] [3] Due to its low cost, easy lm-forming capacity, environmental friendliness, alkali stability, biodegradability, excellent mechanical properties and thermal stability, it is very valuable in the preparation of membranes, and has attracted great research interest. [4] [5] [6] [7] Many studies have reported that chitosan has an excellent ability to form microspheres, membranes and bers, which gives it a signicant advantage over other absorbable membrane materials in the design of packaging structures. 8 However, chitosan is generally prepared using acetic acid as solvent -a method that brings a number of disadvantages, such as minimal thickness, peculiar smell and fragile nature of the lms at low concentration of chitosan, as well as easy drying and curl. Therefore, it is necessary to nd an alternative dissolution medium for chitosan.
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Tartaric acid is a white crystalline, dibasic organic acid, which has been found to have many applications, for example, as acidier, antioxidant, avor enhancer, etc., in the wine, bakery and food industries, as well as in pharmaceutical industries. [10] [11] [12] The wide use of tartaric acid in various elds due to its excellent properties, including safety, large adsorption capacity, high adsorption efficiency and good biodegradability.
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Ionic liquids (ILs) are a group of salts that exist in liquid form at relatively low temperatures (<100 C) and have recently received increasing attention as new environmentally friendly solvents. They have been proved to have suitable chemical and thermal stability. 16, 17 Swatloski et al. 18 were the rst to nd that imidazole-based ionic liquids can effectively dissolve cellulose, generating widespread interest. The use of ionic liquids as a dissolution medium for chitosan has also attracted wide research interest, due to the similar structures of chitosan and cellulose. Numerous studies have shown that 1-ethyl-3-methylimidazolium acetate is an excellent solvent for chitosan. 19 However, ionic liquids are highly viscous and difficult to recover, [20] [21] [22] which, in addition to the high dissolution temperature, the low concentration of chitosan dissolved in ionic liquids limits the use of ionic liquids as a single solvent for chitosan.
This study investigates a new solvent system for the dissolution of chitosan and a new method for preparing chitosan membranes. First, aqueous tartaric acid was used to pretreat chitosan, then ethanol or other regenerating agents were added and nally [EMIM]AC was used to obtain a translucent suspension. The chitosan lm is prepared by casting and solvent evaporation, and the residual [EMIM]AC is removed by washing with deionized water, which allows effectively overcoming the defects of chitosan lms, such as fragility and curling upon drying at low concentrations of chitosan. At the same time, the properties of the chitosan membranes were analyzed in order to investigate their suitability for packaging applications (water sensitivity, mechanical properties, etc.). In order to prepare a 1.5% tartaric acid solution, 0.4569 g of tartaric acid and 30 g of deionized water were added to a four-necked ask and magnetically stirred as the temperature was raised to 60 C.
Experimental section
Then, 0.6091 g of chitosan was added to the solution and stirring was continued for 15 min until complete dissolution of the chitosan, resulting in a 2.0% chitosan solution. The chitosan solution was then turned into a occulent suspension using a regenerating agent such as ethanol and then 1.5 mL of [EMIM] AC was added to it. The temperature was raised to 70 C and stirring was continued for 30 min resulting in a translucent chitosan solution. The procedure was performed for three different regenerating agents: ethanol, acetonitrile, and acetone.
Observation of the dissolution process of chitosan.
Chitosans with different dissolution times, of 1 min, 3 min, 7 min, and 10 min, as well as the translucent chitosan solutions obtained using different regenerating agents, were observed with a PH100 biomicroscope.
Preparation of the chitosan lm.
The chitosan lms were prepared by the method of casting and evaporation of the solvent. The translucent suspensions of chitosan prepared by the procedure described above were cast on glass plates, dried at 60 C for 2.5 h, and the residual [EMIM]AC is removed by washing with deionized water, and then stored in a desiccator until use. 2.2.5 SEM analysis. The surface morphology of the chitosan lms prepared with different regenerating agents was observed using a scanning electron microscope, operating at a voltage of 3.5 kV. The samples were sputter coated with gold for approximately 90 seconds.
2.2.6 FT-IR analysis. FT-IR spectra of the chitosan lms made with different regenerating agents were recorded on a VERTEX 70 Fourier transform infrared spectrometer in the range of 500-4000 cm À1 . The samples for FR-IR analysis were prepared by the KBr pellet method. 2.2.7 XRD analysis. XRD analysis was performed using a PANALYTICAL XPERT-PRO wide angle X-ray diffractometer (The Netherlands). The experimental conditions were as follows: Cu target, Ka ray (wavelength of 0.154 nm), voltage of 40 kV, current of 40 mA, scanning range of 3-80 .
TG analysis.
TGA was carried out on a TG209F1 thermogravimetric analyzer (Germany) at a heating rate of 10 C min À1 under N 2 ow at a ow rate of 20 mL min À1 , on sample amounts of 5-10 mg.
Determination of mechanical properties.
The thickness of the chitosan lms prepared with different regenerants was measured using a thickness gauge. A standard paper cutting knife was used to cut the lms to a length of 40 mm and a width of 20 mm. The tensile strength of the composite lms was measured using a TTM computer-based tensile tester with a 30 mm spacing, at a tension of 5 N.
Then, the tensile strength was calculated according to the formula: s ¼ F/bd, where F is the breaking load, N; b is the lm width, mm; d is the lm thickness, mm.
2.3.0 Swelling. The chitosan lms prepared with different regenerants were dried to constant weight (denoted as Go), placed in deionized water and soaked for 24 hours. Then, the lms were taken out of the water, quickly wiped with lter paper to remove surface moisture, and then weighed again. The wet weight of the lms was recorded as Gt. The degree of swelling was calculated according to the formula: swelling degree (%) ¼ (Gt À Go)/Go, where Gt is the weight of wet lm and Go is the weight of the dry lm.
2.3.1 Water vapor permeability. The chitosan lms prepared with different regenerants were cut to a size of 20 he20 mm. The test sample was xed with glue to the opening of a conical ask containing 5 mL of deionized water. The water vapor permeability was determined at room temperature by measuring the change in the weight of the system. The water vapor transmission rate was calculated by the following formula: (WVTR) ¼ (W t À W o )/(tA), where W o is the mass of the initial system, W t is the mass of the system at time t, t is the measurement time, and A is the open area of the conical ask.
Results and discussion
3.1 Determination of molecular weight of chitosan Table 1 3.2 Observation of chitosan dissolution process Fig. 1 illustrates that the chitosan completely dissolved in the tartaric acid aqueous solution aer 10 min, forming a homogeneous and stable system. Prior to reaching this nal state, the chitosan underwent the stages of swelling and partial dissolution. Upon the addition of the regenerating agents large ake-like ocks were formed, aer which [EMIM]AC was added. The resulting translucent suspensions of chitosan are shown in Fig. 1(a-c) . It can be clearly seen that the ocks are larger in the suspensions obtained by means of acetonitrile and acetone. Larger ocks may lead to their accumulation during the coating process, which then increases the thickness of the dried chitosan lms. This affects the mechanical properties of the entire membrane. It can be inferred that the chitosan lm prepared with ethanol as a regenerant would have better mechanical properties.
SEM and membrane morphology analysis
Scanning electron microscopy images exhibit the surface morphology of the chitosan lm and regenerated chitosan lms.
It may be noted in Fig. 2(a1 and b1) that the surface of the chitosan lm prepared from the chitosan solution presents impurities, while that of the translucent suspension regenerated with ethanol is smooth and at, without any cracks. On the other hand, the chitosan suspensions regenerated with acetonitrile and acetone produced larger ocks, which resulted in irregularities on the surface of the chitosan membranes, but while their surfaces are not very smooth, they present no pores. It can be probably explained by the excessive occulation caused by acetonitrile and acetone, which hindered the rearrangement of the regenerated chitosan molecules during the drying process. Fig. 2(a2 and b2) reveal that the chitosan lm prepared by the common solution-casting method tends to curl aer drying and is thin and brittle, which is known to be associated with low concentrations of chitosan. Considering the discussion above, it can be concluded that ethanol is a suitable regenerant for the preparation of chitosan membranes, while chitosan membrane formation by suspension is a feasible method.
3.4
The structure and properties of the lms Fig. 3 reveals the peak corresponding to the hydroxyl group (-OH) at approximately 3400 cm À1 , and that assigned to the multiple stretching vibration formed by the amine group (-NH 2 ) at 3000 cm À1 . 25 This shows that there are strong and weak intramolecular and intermolecular hydrogen bonds between -OH and -NH 2 . The peak at 2880 cm À1 belongs to the CH stretching vibration, and that at 1647 cm À1 is ascribed to the NH, CO(I) stretching vibration due to the incomplete deacetylation of chitosan. The peaks at 1078 cm À1 and 1031 cm À1 are assigned to CO stretching vibrations. 26 All the peaks discussed above belong to the characteristic peaks of chitosan, which allows concluding that the main functional groups of chitosan did not change aer its dissolution and regeneration. Also, it can be seen from Fig. 3(c and d) that the peak at 3400 cm À1 is signicantly shied to the le, and there is less stretching vibration in the range of 1100-1500 cm À1 . Fig. 3b clearly reveals that the molecular structure of the ethanol-regenerated Fig. 1 Microscopic observation of the dissolution and regeneration of the chitosan suspension using (a) ethanol, (b) acetonitrile, and (c) acetone. chitosan is most similar to that of the chitosan lm prepared from the chitosan solution. It is possible that during the reconstitution of the regenerated solution, the -NH 2 in the ethanol-regenerated chitosan molecule forms a hydrogen bond with the negatively-charged CH 3 COO-in [EMIM]Ac. Acetonitrile and acetone have weak hydrogen bonding because of the large intermolecular steric hindrance. Fig. 4 shows that the X-ray diffraction patterns of the neat chitosan and of those formed by means of the different regenerating agents. As can be seen from the gure, chitosan has three characteristic absorption peaks at 2q ¼ 10. showing loss of crystallinity. In line with the infrared analysis above, the number of the hydrogen bonds formed in the ethanol regenerated chitosan lm with the addition of [EMIM]Ac is greater than that of the hydrogen bonds formed in the lms prepared with acetonitrile, acetone and [EMIM]Ac, where the latter is loosely arranged among the chitosan molecules, resulting in a signicant decrease in the crystalline phase. Fig. 5 exhibits the TG curves of the chitosan lms developed from the solution and from regenerated chitosan suspensions. As can be seen from the gure, the weight loss process of chitosan is divided into two phases. The rst stage occurred before 150 C.
The mass loss at this stage was relatively small, ranging from 4% to 15%, but the weight loss rate of chitosan molecules regenerated by means of acetonitrile and acetone was greater than in the case of ethanol. The weight loss at this stage is due to water evaporation. 28, 29 The second phase occurs between 180-400 C, this is because the decomposition of chitosan leads to rapid weight loss. It can be seen from Fig. 5d that the weight loss rate of acetone-regenerated chitosan molecules reaches 85%, while that of the ethanol-regenerated lm is the lowest. The ethanolregenerated chitosan molecule has the highest decomposition temperature, which is about 260 C. This may be due to the hydrogen bonds generated that make the intermolecular stability stronger. Considering the analysis above, the explanation may be that the changes in the crystalline state of chitosan molecules cause large differences in thermal stability. Also, these differences may lead to changes in mechanical strength.
Determination of mechanical properties and water sensitivity of chitosan membranes
Mechanical properties are very important for judging the suitability of materials for packaging applications. Among them, tensile strength is an indicator of major signicance for evaluating packaging materials, while drying temperature and lm formation methods have a great impact on this property. It can be noted from Fig. 6 that the tensile strength of the lms shows an upward trend with increasing drying temperature. As the temperature rises, the solvent evaporates faster, resulting in a rapid rearrangement of the curled chitosan molecular chains, the gap between the molecules is increasingly smaller, and the binding is tighter, so the mechanical strength is improved. It can be also clearly seen from Fig. 6 that the mechanical strength of the membrane prepared from the semi-transparent suspension regenerated with ethanol is signicantly higher than those of the other membranes (the lm strength prepared by chitosan solution is generally [15] [16] [17] [18] ). In view of the above analysis, it is possible that the occulated chitosan molecules in the suspension evaporate more rapidly during the drying process, and the formation of intermolecular hydrogen bonds improves the mechanical properties of the resulting lm. On the other hand, in the case of the lm prepared by the common solution-casting method, the chitosan molecule is smaller and more uid, the evaporation rate of the solvent is lower than the diffusion rate of the molecular surface, and as a result, the obtained lm tends to be curled and wrinkles are uneven, and therefore its mechanical properties are reduced. Secondary drying of the chitosan lm prepared by ordinary solution will cause severe deformation, such as shrinkage and curling, and substantially no mechanical strength, as shown in Fig. 2(a2) , while the mechanical strength of the chitosan lm prepared by the ethanol regeneration suspension can still reach 24 MPa aer the secondary drying, and does not affect the use of the lm.
In addition to mechanical properties, the water sensitivity characteristic is also an important indicator for packaging applications. With regard to food packaging lms, the requirements for water sensitivity are quite different, depending on the packaged items. Fig. 8 indicate that the trend of the swellability of the chitosan lms is the same as that of the water vapor transmission rate, both showing a tendency of decreasing rst and then increasing as a function of drying temperature. The water vapor transmission rate and the swelling degree are the minimum at the drying temperature of 65 C. The chitosan membrane prepared from the ethanol-regenerated suspension is closest to the chitosan membrane prepared by the solution-casting method in terms of water sensitivity. It has been thus demonstrated that the drying temperature is a major factor that affects the water sensitivity of chitosan membranes. At the same time, the water vapor transmission rate of ethanol regeneration lm is the lowest and, in conclusion, this lm can be used to package foods, such as fruits and vegetables, which lose moisture easily.
Conclusion
In this paper, chitosan membranes have been developed and characterized with regard to their properties in order to investigate their suitability for packaging applications. In order to prepare the membranes, aqueous tartaric acid was rst used to pretreat chitosan, then the chitosan was precipitated with ethanol or other regenerating agents, and [EMIM]AC was added to obtain translucent suspensions. The chitosan membranes were prepared by the solution casting and solvent evaporation method, which effectively solved the problems associated with the low concentration of chitosan. Lower chitosan concentration has the disadvantage of forming fragile lms that curl upon drying. Upon rearrangement of the chitosan molecules, the tensile strength of the resulting chitosan lms was greatly increased, without requiring the addition of a plasticizer, such as glycerin. This method has been demonstrated as an excellent for preparing chitosan lms.
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